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ABoTKACT 

I 

This investigation was conducted to determine the 
effect on perforicance and temperatures of the addition of 
either liquid hydrogen or liquid ammonia to tiiree bipro- 
pellant systems of current interest* These bipropellant 
systems are nitrogen tetroxide-hydraaine, hydrogen peroxide 
liydrazine, and RFNA-hydrazine* 

For each tripropellant system all important 
parameters and chamber and exhaust temperatures are de- 
termined for equilibrium flow conditions and constant 
composition flow conditions. All the results are listed 

I 

in tables ana the effects on several of the more important 
parameters are illustrated grapliically. 

The results show that theoretically the effect of 
the addition of the third component is desirable by causing 
reduction in temperature and increase in performance, 

New parameters were introduced for utilization in 
predicting performances of tripropellant systems once the 
chamber temperatui'e has been calculated or estimated. 
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INTRODliCTION 

One of the major problenis in the oper^^tion of thermal 
jet ana rocket engines is the reduction in heat tra.nsfer to 
the combustion chamber walls. One solution to the probluD 
of naintainin^j the* wall laaterifil belov/ its melting point i^ias 
been the use of exterior cooling systeiiis to maintain the 
temperature of the wall consinerably below the temperature 
of- the gas. To recover part of the lieat lost in this man- 
ner the fuel or oxiaant may be used as the exterior coolant, 
bucL a system is said to be regeneratively cooled. For 
high performing propellant syjtemi, excessively high tempera- 
tures are encountered in the combustion cikir.ber and tr.e con- 
vergent section of the nozzle; therefore, it is necessary to 
resort to more effective methods of cooling (Cf, Ref, 1), 
Furthermore, many of the newer fuels and oxiaants are so 
unstable tiiat it is not possible to use them in regenera- 
tively coolea systems* 

Theoretically at all operating temperatures, and 
practically, at least at lower temperatures, it has been 
shown that film or tiv.nspiration cooling techniques offer 
certain operative advantages (Cf, Ref, ^), In adaition, 
such tecijiiques theoretically appecir to lenu tiiomselves to 
application to very hot propellant systems operating over 
longer perloas of tiir.c. 

In film or transpiration cooling, tnc coolant moves 
in counterflovT to the heat flow throuih the wall material. 



and evaporates on the surface exposed to the high ten.'pera- 
ture^ and laay or laay not take part in the combustion on 
entering the combustion zone in the chamber. The extent 
of the mixing with the combustion gases is not yet known 
nor Is it known what efficiency of absorption of radiant 
energy by a gas or vapor stream may be expected. 

The addition of a third c<»iponent as film or trans- 
piration coolant to the combustion reaction, if properly 
chosen, may have certain desirable effects on the calculated 
performances and the adiabatic flame temperatures, assuming 
adequate mixing and ccmiplete chemical reaction. The extent 
to which the«« assumptions identify the actual conditions 
of operation will have to be determined experimentally. 

The theoretiCdl effect on performance and gas temperature 
of combustion is of immediate interest since it will indicate 
the direction and order of magnitude (Cf, Kef, 3) of the 
change in performance parameters to be expected. 

Hydrogen (liquid or gas) and ammonia (liquid or gas) 
have previously been demonstrated (Cf , Kefs* 3, 4, 6, and 7) 
to be the most effective third components to be added to 
present propellant systems, although water (liquid) has 
'been considered seriously (Cf, Refs* 7 and 8). These com- 
ponents or their dissociation products lower the- chamber 
temperature by decreasing the available energy per povind 
of totcil propellant and increase the performance, both very 
desirable effects. Increased performance is possible be- 
cause of the lower average molecular v?eight of the products 



of reaction resulting fror:: the aacition cf the third 
coisponent* 

For these reasons, the investigation of the effect 
of the addition of a third component on the performance of 
rocket propellant systems currently of interest was under- 
taken* These systems of inmediate interest werej RFKA- 
hydrazine system with liquid ammonia added, RFM-hydrazine 
with liquid hydrogen added, nitrogen tetroxide-hydrazine 
with liquid ammonia added, nitrogen tetroxide-hydrazine 
with liquid hydrogen added, hydrogen peroxide-hydrazine 
with liquid ammonia added, and hydrogen peroxide-hydrazine 
with liquid hydrogen added, A re-evaluation of the per- 
formance in stoichiometric proportion of th«J hydrogen 
peroxide-hydrazine system was also undertaken since earlier 
calculations (Cf* Ref, 8) neglected molecular and atomic 
oxygen in the mass and heat balances* 

The performance parameters were evaluated for each 
tripropellant system at a mixtui-e ratio corresponding to 
stoichiometric proportions with respect to the bipropellaut 
oxidartt and fuel, but with varying amount of third component 
(liquid hydrogen or ammonia) added in excess* Stoichiometric 
proportions were chosen since the chamber temperature (T©) 
was very nearly a maximum at this mixture ratio (the real 
maximua is slightly on the reduct ant-rich side of stoichio- 
metric) and the reduction in flame temperature by an addition 
would be most marked. 



EXPLANATION OB’ SYMBOLS 



Number of moles of water vapor (HgO) in 
the products of reaction 
Number of moles of liydrogen (H^) in the 
products of reaction 
Number of moles of hyaroxyl ions (OH) in 
the products of reaction 
Nmber of moles of atomic hyurogen (H) 
in the products of reaction 
Number of moles of oxygen (Og) in the 
products of reaction 
NiHuber of moles of atomic oxygen (O) in 
the products of reaction 
Number of moles of nitrous oxide (NO) 
in the proaucts of reaction 
Number of moles of nitrogen (Ng) in the 
proaucts of reaction 
Number of gram atosiS of hydrogen in the 
reactants 

Number of gram atoms of nitrogen in the 
react<ints 

Number of gram atoms of oxygen in the 
reactants 

Velocity of sound corresponding to cham- 
ber conditions (ft sec**^) 

Effective exhaust velocity (ft sec"^) 
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e* 




(Vo 



(Cy)o 





E 



(I 





F 

g 

h 



Characteristic velocity (ft sec~^) 
Theoretical tl^irust coefficient of nozzle 
Apparent molar isobaric heat capacity of 
products of reaction at equilibrium 
chamber temperature (cal mol"*^ 

Apparent molar isochoric heat capacity 
of products of reaction at equilibriui^ 
chamber temperature (cal mol"*^ 

Average apparent molar isobaric heat 

capacity of products of reaction during 
their passage through nozzle 
(cal mol"*^ ^K“^) 

Average apparent molar isochoric heat 
capacity of proaucts of reaction during 
their passage through nozzle 
(cal iDol~^ 

Dimensionless parameter equal to 

Dimensionless parameter eqixal to 

h - Tc 
Tc® 

Nozzle throat area (sq in) 

Thrust of rocket motor (lb) 

Acceleration of gravity (arbitrarily 
chosen equal to oL,*; ft sec*"^) 

Altitude index (mi) 




.iOO' 



T 

A Hr, etc, 
le 



in cr.tn cT tht. i..roancto of 
reaction (1. c,.il) botvoc-n jiap_rscrii.t 
temper;; ture (^K) c^na subscript tem- 




perature (^K) 

Enthalpy ciian^e in a specified system 
from Ti to with the system In 




chemical equilibrium (k cal) 
Specxfic impulse of proLeliant (sec) 
ulecrmaiic il e->uivalent of heat 
(4,166 X lo^^ ergs k cal~^) 



Kj|_, Ky, etc, EquilibriiuT! const.mts exires.:>ee in 

terms oX‘ partial presauros for 
particular reactions as listea on 
page 47 





etc . 



m 







M 





Equilibriui.> constants ox| res.^ec in terms 

of nu. ber of moles of components I'or 

# 

particul..r I'e .ctions as listen on page 47 
Total ¥/eigixt of reactants (gra) 

Weight rate of floii? through noszle 
(lb sec"*^) 

Average moleculo^r ’weight of the proaucts 
of re.,.etion curing their pas -.age through 
the nozzle 

Average molecul..r weight of the j.roaucts 
of reaction at en^uilibrium chamber 
temperature 

Nuraber of moles of proaucts of reaction 
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Tc' i^OOO 
n n 



fctc. 



A n^> ^^2* etc. 



P 



Pe 

Pc 




q2500 
^av » 



etc. 



A Qav 

Qj- (reactants) 
Qf (products) 
HFNA 






Aveiv^ge nxuAber of moles of x>roducts of 
reaction present durini; their passage 
thii'ough the. nozzle 
Nujober of moles at temperature (°K) 
indicated by superscript 
Number of moles of proaucts minus the 
number of moles of reactants indicated 
in balanced equilibriuiii equation for 
a pai'ticular reaction 
Total pressure of the products of 
reaction (atm,) 

Nozzle exhaust pressure (psia) 

Chamber pressure (psia) 

Heat available from completion of re- 
action at temperature (®K.) as indi- 
cated by superscript (k cal) 

ChiLUgii in heat available between Tq 
ana Tg (k cal) 

Heat of formation of the reactants at 
300® K (k cal) 

Heat of formation of the products at 
300® K (k cal) 

Red furaing nitric acia (in this investi- 
gation^ nitric acid with by 

weight N2O4) 

Universal gas constazit (1,&86 cal 

mol-^ ®K“^, 6,51b x 10*^ ergs mol"^ ^K~^) 



Absolute temperature (<^K) 

Equilibrium chamber temperature (®K) 
Exhaust temperature (®K) 

Average density oj* rocket propellant 
(gm cm**^) 

Ratio of isobaric tp isochoric heat 
capacity (Cp/Cy) 

Ratio Ox apparent Isobaric to isochoric 
heat capaeixiy of products of reaction 
at equIlibritLni chamber temperature 
Ratio of average apparent isobaric to 
isochoric heat capacity of the pro- 
ducts of reaction curing their passage 
through the nozzle 
A function of V defined by 

r ' = 

evaluated for V * 

Supei'script zero indicates value of 
parameter for bipropellant system 
at stoichiometric mixture ratio 



PART I 



DISCUSSION OF ASSUl.PTIOR'S AND INTRODUCTION OF PARAA*hTERS 



The assumptions used in evaluating the theoretical 
performances of the tripropellant systems were that 

1, The propellants reciCt completely ,-^nu there 
is sufficient time for the establisLLient of 
equilibrium concentrations of the normally 
unexcited components - H^O, NO, N^, N, 

0*> 0, H, OH - at the adiabatic flame tem- 
perature detercjined by tiie heat 

balance. All minor component- are con- 
siaered in these calculations except atomic 
nitrogen (N). 

The ei.uiparti tion of energy smong the elec- 
tronic, vibrational, ana rotation.;;! energy 
levels is assumed to be instantanoous, both 
in the chamber and in the expansion process, 
for constant composition aiiu equilibrium 
flow conuitions assumcn, 

o. Over a temperutura range of 100 degrees, 

T 

Qav>^R 300> Shs mixture composition 
versus temperature are assiii:.ea to bo linear, 

4, Chamber pressure (P^) is 300 psia for all cal- 
culations presented herein, and the exiu.ust 
pressure (P^^.) is assumed to be Id, 7 . psia. 
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5, For constant composition flow calculations, 
the propellant composition ren.ains con- 
stant ana equ..cl to the composition at the 
adiabatic flame temperature in the cii<iiEber (Tq) * 

6, For equilibrium flo?/ calculations the composi- 
tion of the products changes continuously with 
pressure and temperature along the nozzle and 
the energy released in shifting the equilibrium 
involved is made available for increased per- 
formance, 

7, Steady flow prevails throughout the nozzle, 

©lat is^ shock disturbances are neglected, 
velocity profile is dniform ana flat, com- 
pressibility and viscous effects are neglectea. 
It is further as suited One dimensional equations 
are valla, 

8, The expansion process is isentropic and the 
combustion takes place adiabcitioally , 

9, The entiialpy of the reaction products is in- 
dependent of the pressure since relatively 
low pressures were used in these calculations, 

10, Velocity of the reaction proiiucts in the chamber 
is negligible comparea to effective exhaust 
velocity, 

11, In computing tne characteristic velocity (c^) 
the ratio of specific heats (V) is assurr/ed to 
be the ratio of the speciX'ic heats at the 
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equilibrlui!] chamber temperature, anu equal to 
Vo. The V o i s based on the change of ent)ialpy 
over the one hunurea degree interval nearest 
the chamber temperature (Tq) a constant 
pressure equal to the chamber pressure. For 
the expansion process a constant average iso- 
baric heat capacity (^p) is assumed. 

The foregoing assumptions were used in calculating 
the parameters necessary to compare the systems and the ef- 
fect of cidaing a third component. Since achieving a high 
termincil velocity is es.jential, the impulse is a more sig- 
nificant parameter tlian tnc energy dissipated. Consequently, 
the specific impulse which is the thrust per unit weight 
rate of flow is computed and is the ratio of the effective 
exhaust velocity to the acceleration of gravity. This is 
one of the most useful parameters in comparing propellant 
systems , 

Effective exliaust velocity Is of equal importance 
as a parameter since it is indicative of Eiomentuia change 
(c = Isp g) . Tne effective exhaust velocity is the nozzle 
exit velocity (axidl) and is also defined as the ratio of 
the thrust to mass rcite of flow. Thus, it is easily calculated 
boti. experimentally anu theoretically, 

Tne characteristic velocity (c«^-) parameter is com- 
puted since it is determined only by trie properties of the 
propelxaiit ana tne tnroat uiaaeter ana is iride] eriuent of the 
exit conditions. It is a measure of tne combustion efficiency 
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and readily c.^icul.,tec! considoriiij^ only the propelj..iiit pro- 
perties (Tci coi:.bustion conditions. In 

this way it is very useful to obtain -luick ostiuate^ of the 
a:erit of a propellent system. 

The nozzle tJirust coefficient (Cp) has been found to 

I 

be a useful parameter. It is a function of chai.;ber pressure, 
nozzle tiiroat are^., and the tnruct deVelOi/Cu, Theoretically, 
it may be evaluated from thd ratio of the efioctive eJvhaust 
velocity to the characteristic velocity. 

The altitude index is a useful parcu-;,eter in coisparing 
propellant systems* since it is a wei^htea function uf speci- 
fic impulse ana propellant density. It is ^ comparison of 



t^ie altitude attainable by an arbitrarily chosen large total 
Impulse rocket with a rochet of specifiea tot il impulse. 

By using a 1 ii-ge rocket the propel xants become only functions 



of their specific Impulse anu aenaity and thus provioe a good 

s 

measure of their relative merxt for long r..vngo or high alti- 
tude missile application. 

The values of altitude index v.^xe based on equations 
for biprovdiiuiit systems sad, therefore, produce v...lues that 
are slightly optimistic. 
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part II 



DBVBJLOPMbJiT OF Th^ EQUATIOl^iv FOR c50LVIPG TKi. COMPOSITION 
OF THr. PHODliCTo OF REACTION lNCLUi)ING E'INOR COI^PONF.NTS 



The equations developeu here for cietormining the 
coiaposition of the proaucts of reaction are of necessity 
synonymous to methods previously developed for solving 
similar problems. They represent an independent derivation, 
however. As a result, the use ana nosicnc lecture of the equa- 
tions are slightly different. 

Although there have been nuiierous methods of solu- 
tion for this type problem, they are all time consmming and 
laborious* Several methods were investigated in an effort 
to find a quick exact solution, but the final conclusion 
was that some methoas, although of equal adaptability, did 
not offer any definite advantage over the method used in 
this thesis, either in time or £:c curacy. 

The products of reaction of all the propellant 
systems investigated contained Hg, H, OK, iJO, Ng, KgO, 0, Og, 
The following system of syiubois was used to represent the 
atomic ana molecular species present in the combustion gases: 
a - number of moles of water vapor (HgO) 

b - ntm'her of moles of hyarogen (Bg) 

c 25 number of moles of hydroxyl ion (OH) 

d * lumber of moles of atomic hydrogen (H) 
e s nmber of moles of oxygen (Og) 

f » nuifiber of moles of atomic oxygen (0) 
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g * number of moles of nitrous oxicie (NO) 

h = number of moles of nitrogen (Ng) 

H - nuEiber of gram cxtoms of hyarogen 

N » number of gram atoms of nitrogen 

0 * number of gram atoms of oxygen 

The major components arc molecular hydrogen, molecu- 
lar nitrogen, and water vapor. Tiie minor components are atomic 
hydrogen, nitrous oxidvj, atomic oxygen, oxygen, atomic nitro- 
gen, and the hyaroxyl ion. The presence of atomic nitrogen 
is neglected in this investigation. 

Therefore, the problem is to find at least eight 
equations by the use of which the eight unknowns can be 
solved. The reaction equation for systems containing hydro- 
gen, nitrogen, ana oxygen is: 

H w N 0 « aHgO bHj^ ♦ cOH dH 4 * eOg ♦ fO 

4 * gNO 4 - hNg 

This ii 2 Keaiately gives three of the necessai'y eight 
equations by setting up the atom brilancesj 



Sum 


of hydrogen atoms: 


H • 


2a ♦ 2b + c 4> d 


(1) 


sum 


of o:J 9 ^gen atoms: 


0 * 


a4-c4.2e4.f4.g 


(2) 


Sun 


of nitrogen atoms; 


N «• 


g -4 2h 


(s) 



The remaining five equations were obtainet. by con- 
sidering reactions .xnu alssociations among the eight products 
of reaction. Equilibrium must be assumed and the resulting 
equations are as follows: 

$N 2 4. HgO »N0 + H 2 (ans«0,5) 

Kns * £_b (4) 

h'^a 



I 



L-iz 1 1 f 



-Ib- 



SHgO 



- 02 + 





HgO « 0 4. 

^n.7 ** J!£l 



P2 * H 




( A ne ® 1.0) 



( 5 ) 



( A »7 * 1 , 0 ) 




(AH9 a 0.5) 



(V) 



HgO » OH 4 . ^Kg (ahio * 0*5) 

Knio - 5 |:i ( 0 ) 

The tabular values of the equiiibriuE constants used 

from Table I were based on ratios of partial pressures, but 

since the development here aepencis on the moles of gases 
% 

it was necessary to convert the K5, ^7, Kg, and K^q to 

Kh 5» Kti7> Krig> ^^10 follov?ing general rela- 



tion: 



Kn • K 



(np; 

(p) 



)(An) 




where np - number of moles of products of reaction 

/ 

P s? total pressure of products of reaction 
An* number of aoles of products sinus the number 
of soles of reactants obtained from balanced 
equilibrium equation 

Also, there is an additional equation since Kn 
a function of total soles of products of reaction where 

np-a4-b-4c-4d-4e4.f4.g4h (10) 

It is pointed out that np must also be estimated for each 
particular solution. 
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These oqiu-tions c n be bolved to express the com- 
position of each of the coKponents as a function of, at 
the most, t^o univnov/ns, tjivin:; the foilowinj equations; 

a - H - Kp9 b - t! (11) 

2 b**^ ♦ 



b * b (where b * as suited trial value) 

c - KniQ a 
b*^ 

d « Kng b*^ 

® - Kng 
b2 



(lii) 

(13) 

(14) 

(15) 



f « Kh 7 a (16) 

_ 

g«0-a-c-2e-f (17) 

h - i (N - g) (IS) 

npwa4>b4-c4.d4e4.r*g4th (19) 

® Bt, JPmm ( 20 ) 

ab-^ 



With these equations all the unknovm quantities can 
be found if the correct estiiijate of "b” can be founa* The 
correct value of ”b» is founa by trial ana error. Therefore, 
the following trial ana error proceaure is employod, 

1, Estimate T^ to nearest 100® K» 

2, Estiffiate np and compute the equilibrium con- 
stants (Kn*s) for total pressure of proaucts 
of reaction for this estimated T^. 

6* Estiuu-te »»b”, number of moles of hydrogen* 
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4. Calculate other coKiponentb fro.;' this estlisated 
using Equations (11) through (18), 

5* From Equation (19), find rtp. Compare with es- 
timated Bp of Step /d, 

6. From Equation (EO), find Compare tlris 

with Kag of Step li. These two will be identical 
if np estimated » np actual, 

7. Repeat calculations based on new value of ”b” 

until agreement of np (estimated) • np (computed) 
and Pvix 3 (Step 6) * (Step id ) , 

8. As a check on numerical accuracy. Equations 
(1), (B). and (5) should be used. 

To demonstrate the use of these equations for doter- 
mlniiig the composition of the products of reaction, the fol- 
lowing sample calculation is presented. 

The composition is to be solved for a particular 

/ 

temperature ana pi’essure corresponding to ci^iamber conditions 
in a rocket motor. The propellant system chosen to best 
demonstrate the use of these equations is nitrogen tetrojcide 
and liydrazine at stoichiometric with the adaition of J mole 
of liquid ammonia. 

The chemical equ^ition expressing the reaction of 
the propellant is given, at low tecjperature, as: 

%04(1) t ,ii5 (1) ^ Z N^H4 « 4 %0 (1) + % ♦ ,375 Hg 

at elevated temperature: 

Ng04 (1) HH3 (1) 9 KEH4 * aHgO (g) ♦ bHg 4. cOH 4 dH 



♦ eOE ♦ fO + gHO ♦ hHg 
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From this oqu'ition, np is foUDd to be equ.^l to or 
greater th:.vn 7,5 moles* 

Using equations (1) , (^) , ana (3) , the followirig 

t 

three equations are obtained: 

» 

Sum of hydrogen atoms 

H«8,75«<ia + 8 b ♦ c 4 -d 
Slim of oxygen atoms 

0 - 4*0 *a^c+8e-*-f4‘g 
Sum of nitrogen atoms 

H • 6*85 • g ♦ 8 h 

Now employing Equations (11) through (18), an ad- 
ditiond seven equations are obtained* 
a - 6,75 b*^ - Kno b - 
2 b*^ t hrij^Q 

b • b 

b.b 

d = Kn^ b-^ 
e “ -^0 

f = Kn^ a 
b 

g*4,0-a-c-8e-f 
h • ^( 6 ,iib - g)' » o.lcb - g/2 

It was now necessary to choose a tui;peratui‘e to the 
nearest 100 ^ K '..nu to estimate the tot.il number of moles of 
all the reactants at this temperature. 






With T =5 ' 6200 ^ Ki Pc • 300 psia^ np » 7*6 moles, 
the coEipo£5ition was ccmputeti. 



T 


3^00^ K 


Up 


7,8 


( np/P) ^ 


0,58<i 




0,618 


Kn3 


0,00800 


K-ng 


0.00Si70 

• 


Kn7 


0,cH)7£7 


Kns 


0.1738 




' 0,0672 



To begin the trial and error solution of the composi 



tion, a representative value of was chosen. 

In the first trial, was taken equal to 0,7 ifloles 
and the equations (11) through (16) solve: 
a S,46o 



b 

c 

d 

e 

f 

g 

h 

Kng (calculated) 

np 



0,700 

0^278 

0,145 

0,066 

0.036 

0.091 

3*080 

0.008 



7,859 
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Comparlii,^ ana np calcul.^ted vsith ana np 
based on as sumptions , it '/i^s found that 



sed on assumoci values) •» 0*00800 

cocspared with 

Kn^ (calculated) « 0*00800 



and 

np (assunod) a 7,80 

compared with 

np (calculated) >*» 7,859 

With this information, it was necessary to assume 
another Hp « 7,86, ana resolve the equations with an ad- 
justed value of *’b” - 0,690* 



T 


3200 


hp 


7,86 


(np/P) ( 


0.385 




0,620 


Kn^ 


. 0,00802 


CD 


0,00272 


%7 


0.00733 


Kn9 


0.1743 




0.0674 


a 


3,473 


b 


0,0690 


c 


to 

• 

o 


d 


0,145 


6 


0,0G9 


f 


0.037 



g 

h 
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0.070 
3.000 

Kn-^ 0,00802 

rip 7.856 

< 

Comparing results of seconu trial showed 
In exact agreument and np calculated •• 7,856 compared to Hp 
estimated •• 7,860* This difference is negligible. There- 
fore, the exact composition is computeu for the chosen 

j 

temperature, T - 3200® K, at a pressure, p a 300 psia 
(20.41 atms,). 






PART III 

SAMPLb CALCUL..TIOiio Oi- FbHi'OU'^u^CR P^RA^.LTKRS 

Calculations are made on the nitrogen tetroxide 
(liquid) and hydrai:ine (liquid) propellant system at stoi- 
chiometric with the aduition of i mole of liquid airiisonia <?.s 
the third component to illustrate the methods presented 
thus far* 

Since a sample calculation for the aeterudnation of 
the propellant composition at a chosen temperature has been 
made in Part II, these calculations will proceed from that 
point in order to avoid duplication* 

The chemical equation at stoichiometric mixture of 
this propellant system is at low temperature: 

1*0 N 2 O 4 + 2 H^H 4 « 4 UgO (1) ♦ 5 Ns 
With the addition of ^ moie of liquid acm)onia to 
the above equation, it became t 

1.0 Ng 04 4- 0.^5 NHs(l) ♦ ^ NgE^ =5 

4 HgO (1) ♦ o.li'5 N2 ♦ 0,575 Hs 

» 

At an elevated tempera t^ire the chemical equation Isj 
1.0 Ng04 ♦ O^'db MRS (l) 4. F K£H4 « 

a EsO (s) 4 b H 2 ♦ c OH 4 d H 4 e Og 
4 f 0 4 g MO 4 h Ng 

Total mass of all proQUcts of reaction is equal to 
160, gms. 



step A« Calculation of Ch^i.mber Temperature (T^) 



Estimate Tq to the nearest 100^ K* Choose (est*) 

«* 3^00® K* 

Using methods for solving the composition of the 
products of reaction demonstratea in Part II, the composition* 
was found to be 



a 

b 



5,473 

0.6S0 



c . . 0^'dQZ . ' 

d 0.145 

e 0.069 

f 0.057 

g 0.070 

h 3.090 

*T 

The Q^y can now bo evaluated for this temperature: 
Qav ^ 21 Of (products) - TQf (reactants) (21) 

I 

Table III lists values of heats of foi'mation of the 
chamber and exhaust gases ana of the reactants used in evalu- 
ating qIy. 

With use of Table III, Q|y was found to be equal to 
218.92 h cal./160.52 gm. 

The A H§q 0 can now be evaluated, 

^“ioo ■ ^ Hi (22) 

This was computed from Table II ano found to be 
equal to 217.06 K cal./160*32 gm. If the is compared 

with the A H^qq^, it is found that the temperature of 5200® 



K chosen for Tc is too sl^.H anc a ntw I'c oust be selected. 



For the scconu trial, Tq = 5500® K Is chosen, Siriilar cq 1«-> 
culations are cade as with Tc - 5^'00® K ana the composition 
of the products of reaction are found to be 

b 0,775 



c 

d 

e 

f 

g 

h 



0,556 

0,201 

0,089 

0,057 

0,068 

5,081 



and are computed at ooOO® K and found 



*500 



to be: 



qo300 . 
^av 



204,90 k cal,/160,32 gcs, 

A h|§ 3^ = 226,11 k cal,/160,52 gms. 

Comparing these values, it is seen that Tc ^ 5500® K 
is too high. Therefore, Tc must be between 3200® k and 
5300® K, The dxact value of Tq will be that temperature 
where Ah|§q « Qav* With the assuraptlon that A and 

Qav T(®K) are linear over a 100® temperature range, 

the AT (temperature change between the lower and upper 

temperatures Tc) is computed by the following relation: 

/ 

T « 3200® ♦ A T 

AT/^33Q0 ^3200x ^ ^3200 , 

100 '^av * 



^av ' ' '‘av 
AI(ah^300 

100^ “soo 



- (as) 



‘300 






A T • 8® K 

Tc » 3200 4. 6 « 5^08® K 



S-aPAClU (Vc) 



The iaobarlc and isochoric heat capacities (Cp^ and 
Cvq) must be calculated in order to obtain Tc» 

Cpc « <^k||oo 



np(^T) 



where 



.„3300 ^ (yyu^OO ApS^OOv . /Q 



3200 ^ q3500) 



av 



-av 



^c 



lc^(lOO) 

* ^3>0b X 10 s 
7.S12 



X 10^ cal ®K*^ iDol-^ 
29.133 cal ®r*^ 



Cvc * 29.130 - 1.986 s 27.144 
y •• Cpc • 1.076 
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Step C» Calculation of Average Molecular Weight (¥<•) 

Me is the average molecular weight of the products 
of J‘eaction, 

■ Stc 

where m s mass of reactants 
Tc 

n - number of moles at temp. Tc produced by 

/ 

mass of reactants. 

~ 160.32 • 20^364 gms. mol"*^ 

7.86b 






Step D> Crilculatlon of Charsicteristic Veloclt:/ (c^<-) 

Using only the adiabatic fume tesperature in the 
chamber and and calculated, the parameter, characteris- 
tic of the propellant (c*) can be computed. This is very 
valuable since the propellant can be immediately judged as 
to its practicability ana may save many useless Calculations 
of propellant systems which would be of no interest. 



where a<j * velocity of sound corresponding to chamber 



» universal gas constant 
M = average molecular v/eight of chamber gas 
Tq » adiabatic flame temperature in chcimber 
X c ^ ratio of isobaric heat capacity to isochoric 
heat capacity 



c* is defined either of two ways: 



=* - Pc /t 



( 28 ) 



m 



where Pq « chamber pressure psia 



ft as area of throat 



m as mass rate of flow tlirough nozzle 



or 




conditions 



= fimction of evaluated at ^ ^ Yc 

c) 



The P ^ ('tr \ C£in be found from Its relation to V q 



in the equations 





(30) 



or the llnoar relatlont 



-- • 1047 ♦ *5046^^ 



(31) 



can be used* 

This linear approximation (Cf. Ref* 5) was checked 
over the range of Y encoimtered in these calculations and 
found to be equal to the value calculated by the exact 
equation v/itliln one half per. cent* 

Using the linear approximation for P^(r^)t 
was calculated to be equal to 6014 ft sec^^* 

Step E* Calculation of Exhaust Temperature (T^) 



separate methods of calculation: One set of calculations for 



of the temperature and is changing through the noszle) and 
a second set of calculations for constant composition flow 
(assuming that the composition is independent of temperature 
and pressure through the nozzle) . Calculations for equili- 
brium flow will be carried out first and then the modifications 
necessary to calculate constant composition flow are listed. 

The exhaust tempera tiire (Tq) will be calculated from 
the relaticni 



At this point it is important to illustrate two 



equilibrium flo?/ (assuming that the composition is a fixnction 




( 38 ) 
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I, bqul librium riov;> 

The composition of the producti, of reaction is a 
function of temperature <iiia is continuously cl:uii‘iging as the 
gas flows tlirough t)ie nozzle. 

First, estimate T© (®K) to the nearest 100 As- 

suming that Te is 2200 the composition of the reaction 
products is calciilatea by means of the methoa illustrated 
in determining the composition in Part II, 



a 


(Hao) 


te 


3,863 


b 


(ife) 


3X 


0,380 


0 


(OH) 


= 


0.014 


d 


(H) 


- 


0.009 


e 


(Og) 




0,001 


f 


(0) 


M 


- 


g 


(NO) 




0,001 


h 


(Mki) 


m 


3.124 


Te 

n 




m 


7,512 



From this composition at 2a00 ®K, A was de- 

termined to be 1 a; 8.46 k cal/160,6A. gms, and AH^qq was pre- 
viously calculated to be ;^17,B0 k cal/160,o2 gms,- 

The change in the enti'ialpy of tiie products of re- 
action in going from T(> to T@ v/ith the components in equili- 
brium is now calculatea: 

Tc 2200 2200 

c5 H;3200 - (^H300 - dHSOO ) - (Qav - Qav) 

(Qav^° - Qav) ~ ^^*04 k cal/i60,5a grr.s, 

^^200 * ^ cal/160,32 gms. 






Now can be found for use in deterBiinizig ezhaust 
temperature (Tg)» This is the average isobaric heat capacity 
between the. cliamber and exit* 

■^p • 



np(TQ-Tg) 



and since 



and 

Then, 

and 



Up = 7.669 moles 

m lki9*48 k cal/160.3^ giss* 
Tfp =: 16.690 



H 



,119 



Therefore, 



ji 



T* * To (P*/Pc)Cp a 2239 °K 



It is now necessary to estimate a new since the 

Te calculated is more than ± 10® of the T® estimated, 

\ 

Therefore, Te * #^300 is now taken and the composition 
of the products of reaction calculated as before. 



a 


(H20) 


m 


3.960 


b 


(Hg) 


m 


0.399 


c 


(OH) 




0,097 


d 


(H) 




0.017 


e 


(O2) 


- 


0.003 


f 


(0) 


a 


0.001 


g 


(NO) 


m 


0.006 


h 


(«2) 


*31 


3,127 


xe 
n • 




7.528 
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Using inethou illustratea i’or computing T© from first 
trials Te * 

Tc , • 

c5 %300 * ^ cal/160»oij giijs* 

Now Instead of computing Te ^or an assurr.ed T© a 
iiSOO ^K, it is better to t^ke a new Tg (assumed) equal to 
the computed T© of first trial (plus or minus a small cor- 
rection dependiiig on whether or not the first estimate of 
T© was high or low oomparea to the first calculated value 
of T©. 

For the assumed T© so corrected 

Te • 

Tc 

and (5 ^ii#339 ~ li^b,51 k cal/10O*3^ 

I 

from which 



and 




Hence, T© 



» 16.638 
« .118 



= Z 



{— ) 

'■Pc'' 




c i^^46 



The T© calculated is only 7 degrees different from 
T© estimated and can be taken as the correct T©. Repetition 
of the calcxilution woula not ciiange T©* 

It is noteo, however, that the value of 6 to be 
used in finding the effective exiiaust velocity (c) must be 

for the correct T© s ki.::46 instead of for T© = ;j339 ®K. 

; Tc - 

<5 - lii4.£K) k cal/160,3ii gms. 

^ ^1^38 • li^b.bl k cal/160.3<i gms. 
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icodlf ication for ConstiXnt Composition Flovf 

To modify the calculation of (equilibrium flow) 
to apply to a calculation of T© (constant coEposition flow), 
the following variations must be used, 

The composition is not a function of temperature 
and remains fixed during the flow tiii*ough the nozzle, 

Ttie Tq estimated must be smaller than Te estimated 
for eqiiilibrium flow, 

JlZ- - 0 (change in enthalpy 

due to composition 
changes) 

Therefore, 

With these modif ications the procedure is the saiire 

♦ 

as used for equilibrium flow as illustrated. 



Sti-dp. F, Calculation of Effective Kxhaust Velocity (c) 
and Specific Isiuulse (Isp) 



The value of effective exhaust velocity (c) is de- 
termined from r 

JL 
2 

(35) 



C a 



2 J 



M 



where 



J = Eech,-niCvil equivalent of heat 
The actual formula used was 



c 5 949o,i^ 






.-1 






ft sec 



-1 



c * 8376 ft sec” for equilibrium flow 



c « 8039 ft sec“^ for constant composition flow 
Isp = c/g sec (34) 

Isp • B375 • sec for equilibrium flow 

Isp - 8039 ft sec**^ * <i49,6 sec (constant composi- 
aid. a ft sec~ 

This, value of Isp represents the theoretical iDaxi*» 

mum since Igp is defined by 

Isp * JE * UUfi. * £. 

i g g g 

F • m G implies that the effective exhaust velocity 
is equal to the jet velocity which is only true for a per- 

t 

fectly expanded, frictionless nozzle, with true axial flow 
from nozzle throaty. 



Step G> Calculation of Nozzle Thrust Coefficient (Cp) 



The nozzle thrust coefficient (Cj.) is a function of 
F. Pc. ft and is defined as 

Gp a F s C (35) 

Cp * Q375 w 1,38 for equilibrium flow 
6014 

Cp = 6054 = 1*34 for constant composition flow 

60 l? 



Step H. Calculation of .-iltltude Index (h) 



The determination of the. altitude index is based on 



values of altitude index and loading factor varying with 
density and specific Impulse, 



Argiiments of. propellant density ana specific impulse 
were used to determine the corresponding altitude index ex- 
pressed in miles* With this method of determining alti- 
tude it was possible to find and plot altitude index as a 
fimction of weight percent addition of the third component, 
The densities used are those shown in Table lY^ 

It is first necessary to find the average propellant density 
from the ratio of the molecular weight to the total volume 
of the reactants. 

The propellant mass • m » 160,32 gms. 

The total volume equals 131,72 em^. 



C 

C 



Vol 



160,32_ gm^ 
131,72 cm* 



1*32 gms em-*^ 



(36) 



Isp from previous Ctilouiatlon is equal to 849,6 sec 
(constant composition) and equal to 860,1 sec (equilibrium 
flow) . 

With these values of Igp and C enter the tables and 
pick off the corresponding value of altitude index (h) equal 
47y miles for constant composition flow. and equal to 587 
miles for equilibrium flow. 
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DISCUS8I0N OF RESULTS . 

Considerations have indicated that hydrogen is 
the best adaitive to a bipropellant systeio for reduction 
of heat transfer because of its high heat capacity per 
unit weight fand its low molecular weight which results in 
Increased performance and reduced combustion temperature 
providing equilibriuro conditions are attained and complete 
mixing is assumed* In a practical system it is proposed 
that the addition of hydrogen be accomplished by the use 
of- liquid hydrogen (H2(l)) or by the use of a molecule 
whose dissociation products are predominantly low molecular 
weight, i*e*, liquid ammonia (NH5(1))* The effect on the 
performance of the propellant systems* ** RFKA -» 

N2H4, and HgOg - by addition of liquid hydrogen and 

liquid ammonia has been calculated for various percentages 
of additive. These results are tabulated in Tables V to 
XVI and demonstrated in Figures 1 to 16 * 

For each tripropellant system a table of all parame- 
ter* computed assuming equilibrium flow conditions* a table 
of all parameters computed assuming constant composition 
flow conditions, curves of charaber temperature, exhaust 
tempera tiire, specific impulse, and altitude index against 
weight per cent addition of third component for both equi- 
librium and constant composition flow* and a curve of per- 
centage variations for these same parameters are presented. 

The percentage variation better illustrates the 
relative effect of the adaition of the third component on 
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tliQ perforiaauce pararaeters. The percentage variations are 
based on the ratio of the parameter to the stolchlonsetric 
value of the system being considered* The -change in value 
of a parameter from the value at stoichiometric can readily 
be determined fr<»5 the curve showing this variation as a 
function of weight per cent addition of the third component. 
This information is valuable in selecting a propellant 
system for a given specification. 

It is well to note that the constant composition 
values of the variation of the par^uaeters appear larger 
than the values of the variation of the parameters for 
equilibrium flow. It must be remembered that the absolute 
value of the parameter for equilibrium flow considerations 
is always greater than or equal to, but never less than 
the value of the parameter for constant composition' con- 
siderations, 

t 

A, ADDITION OF LIQUID HYDROGEN TO A STOICHIOI^iETRIC MIXTURE 
OF NITROGEN TETROXIDE AND HYDRAZINE 

The addition of hydrogen to the combustion chamber 
will alter the average molecular weight, the specific heat^ 
and influence the component equilibria. The first effect 
is sufficient to cause an increase in performance (because 
of decrease in If) at the same time lowering the chamber 
temperature because of the reduction in available energy 
and the high heat capacity of hydrogen^ 
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The nitrogen tetroxicle-hyuriizlne systeD at stoichio- 
Eetric for evjullibriuEi flow has a high chamber temperature 
(Tc - odod^ K.), a high specific impulse (Igp * see) , 

a high altitude index (h - mi,), and a characteristic 

velocity (c* = b96b ft sec -1). (Cf. Table V*) These re- 
sults aake this a desirable system. However, it is immedi- 
ately apparent that there are severe temperature probleias 
involved in using this propellant system, for long term opera- 
tion. Therefore, the effect of the addition of hydrogen on 
this propellant system was evaluated. 

The pararjeters for this system are shown in Figures 
1 and 2 and their values are shown in Tabme V ana VI. 

Chamber temperature and exhaust temperature both de- 
crease almost linearly with the increase of liydrogen showing 
approximately 48 per cent drop in chamber temperature with 
addition of 1G.23 per cent by weight hydrogen ana approxi- 
mately bo per 'cent decrease in exiiaust temperature (constant 
composition flow) and 6b per cent decrease in exiiaust tempera- 
ture (equilibrium flow) for tlie same addition by weight hy- 
drogen (16.23 per cent). Thus, it is seen tliat the effect 
of the thiru component on the temperature is desirable. 

An increase in specific impulse is observed by the 
addition of hydrogen reaching a m£tximxiia between 8-10 per cent 
by weight addition of hydrogen. The coaxiEum increase is ap- 
proximately 11 per cent for constant composition flow consider- 

( 

ation and 6.3 per cent for equilibrium flow consideration* 
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Altitude IndejL shows a 5 per cent increase at ap- 
proximately d^b. per cent addition by weight of hydrogen 
for the assumed constant coiaposition flov/ process and a 
d per cent increase at 0.5 per cent addition by weight hy- 
drogen for the assiicied equilibriur. flow condition. 

It is well to note that the percentage decrease In 
altitude Index is less than the percentage decrease in 
chamber temperature, so the overall effect is still favor- 
able. In practice the two factors would have to be care- 
fully weighted depending on the use to which the missile 
Is to be puti For hydrogen addition greater than 5 per cent 
by weight the percentage decrease in altitude index lags 
the percentage decrease in chamber temperature by three to 
ten per cent for equillbrluia flow, and for constant cc®po- 
sttion flow by nine to seventeen per cent. 

The effective exhaust velocity (c) increases to a 
saxiifiUiD of 8867 ft sec""^ at approximately 9.4 per cent by 
weight of hydrogen foi* constant composition flow, and reaches 
a maximum of 8868 ft sec"*^ for equilibrium flow at approxi- 
mately the same weight per cent addition of hydrogen as for 
constant composition flow. 

The characteristic velocity follows the effective 
exhaust velocity reaching a maximum of 6413 ft sec**^ for the 
same weight per cent addition of hydrogen. 

The thrust coefficient (Cp) decreases froci 1.48 to 
1,38 for constant composition flow and increases from 1,34 
to 1,38 for equilibrium flow. The thrust coefficient is 



the sar.G for both flow assumptions after the chamber tempera- 
ture is suppressed to the point where there is no re- 
association energy appearing in the nozzle expansion, 

B, ADDITION OF LIQUID AI-IMONIA TO A STOICKIOiU::TRIC MIXTURE 

f 

OF NITROGEN TETROXIDE AND HYDRAZINE 

The introduction of low molecular weight constituents 
into the combustion chamber by the use of liquid ammonia 
produces results similar to those obtained by adding hydro* 
gen and for missile use the handling problem is greatly 
simplified. The change in performance is smaller, however. 

For this system the results are presented in Tables 
VII and VIII and Figures 3 and 4, 

The exhaust temperature decreases almost linearly 
with the addition of ammonia showing very little difference 
for either equilibrium or constant composition flow. For 
an addition of 17,91 per cent by weight of ammonia a reduction 
In exhaust temperature of approximately 38 per cent is ob- 
tained for equilibrium flow and HI per cent for constant 
composition flow. 

As can be seen in Figure 3 the ciiange in specific 
impulse (isp) reaches a maximum of J551 sec and E60 sec at 
approximately 5 per cent addition by weight of ammonia for 

constant composition flow and equilibrium flow respectively. 
The chamber temperat\ire decreases steadily with 
the addition of ammonia, but it is to be noted that for 



:iMmonia 



approximat'ely the sarse weight per cent addition of 
and l^ydrogen a reduction in charjbor teiiiperaturc of 19 per 
cent is obtained with liquid aiumonia while a reduction of 
chajaber temperature of 48 per cent is obtained by the ad** 
ditlon of liquid hydrogen. 

Altitude Index Increases v;ith the addition of ais- 
monla to a maximum (h = 527 miles) at approximately 3 per 
cent addition by weight ammonia for equilibrium flow. For 
equilibrium flov/ the altitude Index reaches a maximum 
(h . 403 slles) at approximately 5 per cent addition by- 
weight of ammonia. 

The effective exhaust velocity increases to a maxi- 
mum of 8375 ft sec**^ at approximately 2*7 per cent addi- 
tion by weight of ammonia for equilibria! flow. An increase 
to a maximum of 8076 ft sec-^ at 5 per cent addition by 
weight of ammonia is obtained for constant composition flow. 
The cliaracteristic velocity (c*) follows the same 
trend as the effective exhaust velocity reaching a maximum 
value of 6017 ft sec’*^ at five per cent ammonia. 

The thrust coefficient (Cp) changes from 1*40 to 
1,38 for equilibrium flow and increases from 1*34 to 1,37 
for constant composition flov/ indicating that the charac- 
teristic velocity ana specific impulse vary in a similar 
manner with various percentages of third component* 



-40- 



C. GENEfUL RESULTo APPLIC/^i.H TO ALL SYSTEisE INVESTIGATED 



TLq effect of the addition of hydrogen dnd aoinonia 
to the other propellant systeiiis is very similar to the ef- 
fect on the performance and temperature changes for the ad- 
dition of the third component to the nitrogen-tetroxide 
systems* Therefore, little would be gained in a detailed 
discussion of the remaining systems. The results of all 
the systems are presented in Tables V-XXIV and Figures 1-17, 
The calculations for the assumption of constant 
composition flow in all tiireo systems reveal that the ab- 
solute changes are of a smaller order of magnitude on the 
addition of a third component than are the equilibrium flow 
results* Actually the flow condition may fall somewhere 
between the equilibrium flow and constant ccniiposition flow 
assumptions, however, it is well to demonstrate both types 
of flow as limiting conditions* 

A study of the results reveals that; 

1* The exhaust temperature for equilibrium flow 
is affected the most of all, 

, 2* With the exception of the RPNA-NHsCl) -N 2 H 4 

system the exhaust teiiiperature for constant 
composition flow is affected to the next 
greatest extent* 

3* The chamber temperature is affected the next 
greatest extent with the same exception as 
stated in (2). For weight per cent aduitions 
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s greater than 6 per cezit, (<i) and (3) are cor- 
rect as stated with no exception, 

4^ Altitude index for equilibriuis flow is the 
parameter affected the next greatest amount, 

5, The specific iapulse maintains the highest 
percentage of its value at stoichiometric 

with the value for variation in specific im- 

/ 

pulse for ^constant composition flow being the 
greater. 

If B(igp) is defined by (Isp/Isp^ - t^/Tc) and if 
®(h) defined by (h/h® - Tc/Tc®)> wherein the superscript 
term is the value at stoichiometric, it is found that the 
value of each of these parameters was practically constant 
for equal percentages of hydrogen for the three systems. 

The same is true for equal percentages of ammonia added 
to the three systems. 

These values for the hydrogen systems and the ammonia 
systems were averaged and the average error in the parameter 
for any system when compared with this mean value for 
the three systems was small. This is illustrated in the 
following results for the nitrogen tetroxide-liqiiid hydrogen- 
hydra*ine systems 

£LSZ Parameter Av. Erroy Kax. Error 



Equilibrium 




0,004 


0,008 


Constant Composition 


®Isp 


0,015 


0,021 


Equilibrium 


Eh 


0.006 


0,007 


Constant Composition 


% 


0.027 


0*030 . 



SiwiliiP varl.itlons v,ore founa for the other systecis. 
The values of these parameters are listed in Tables XVII-XXIV 
and Figure 17, 

The following general results are observed: 

1, The amount of the variation of the chamber 
temperature exceeds the variation in speci- 
fic impulse and altitude index by a constant 
Value i 

Hydrogen is more effective than amiL-onia based 
on the effect on the performance parameters 
of the systems under investigation* 

The obvious usefulness of these relatively simple 
parameters lies of course in their adaptability in pre- 
dicting performances of tripropellant systems once the 
chamber temperature ciirves have been calculated or esti- 
mated i and as an indirect means for illustrating the rela- 
tive merit of a series of third Components under considera- 
tion as possible coolants. 

This parameter was applied to data available from 
other sources. It is shown in Table XVIII that Elgp 
calculated from data for constant composition for liquid 
oxygen-liquid hydrogeh-hydrasine system (Cf, Ref, 3) was 
in good agreement with the results discussed before. 

In comparison with data for carbonaceous tripropellant 
systems (Cf, Ref, 4) it was found that agreement was satis- 
factory with exception that Elgp for system containing 
carbon was not in sufficient agreement. It is believed, 
however, that similar parameters might be useful in analysing 
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carbonaceous systems at such time as more tripropellant 
data is available. 



i 
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O 

CM 


CO 


CO, 
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^2 


«2 


OH 




HO 


H, 


N,0 


RAT 


300 


0 


. 0 


0 


0 


0 


C 


0 


.0 


0 


0 


0 . 


0 










0 


0 


0 


0 


400 


0 


.695 


0 . 


ai 1 


0 


,699 


0 


942 


0 


721 


u . 


897 










0 


.497 


c . 


199 


500 


1 


.393 


1 


641 


1 


404 


1 


970 


1 . 


447 


1 


399 










0 


.993 


0 . 


397 


600 


2 


.093 


2 


496 


2 


125 


3 


072 


2 


203 


2 


.112 
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596 


700 
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.796 
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.582 










2 


484 


0 


993 




4 


.212 


5 . 


234 


4 


386 
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4 


.594 
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1 92 


1000 


4 


.931 


6 . 


208 


3 


171 


7 


976 


5 


421 


5 


lie 


4 . 


.985 


5 


.308 


3 


.477 


1 


390 


1 100 


5 


657 


7 


21 1 


5 


973 


9 


291 


6 . 


.278 


5 


.907 


5 


.725 


6 


.133 


3 


.974 


1 


589 


1200 


6 


.393 


8 . 


247 


6 


785 


10 


.629 


7 


.135 


6 


.709 


6 


.465 


6 


.958 


4 


471 


1 


.708 


1300 


7 


. 1 38 


9 


312 


7 


606 


1 1 


.989 


7. 


.990 


7 


.520 


7 


.233 


7 


.800 


4 


.967 


1 


,986 


1400 


7 


.895 


10 . 


399 


6 


437 


13 


367 


8 


.847 


a 


.342 


8 


.002 


8 


643 


5 


.464 


2 . 


. 185 


1 500 


8 


.664 


1 1 . 


519 


9 


275 


14 


.760 


9 , 


.704 


9 


.173 


a 


.783 


9 


.499 


5 


.961 


2 


384 


1600 


9 


.439 


12 . 


660 


10 


120 


16 


. 1 68 


10 


592 


10 


.009 


9 


.564 


10 


.355 


6 


.457 


2 


.502 


1700 


10 


.226 


13 


621 


10 


.972 


1 7 


587 


1 1 


.481 


10 


.854 


10 


.390 


1 1 


.221 


6 


.954 


2 


781 


1800 


1 1 


.023 


15 . 


006 


1 1 


829 


19 


.017 


12 . 


.369 


1 1 


.703 


1 1 


. 197 


12 


.080 


7 


.451 


2 


.980 


1 ^ 


1 1 


.826 


16 


206 


1 2 


.689 


20 


.455 


13 . 


.257 


12 


.558 


12 


.015 


12 


.957 


7 


.947 


3 


178 


2000 


12 


.644 


17 


424 


13 


. 554 


21 


.902 


14 . 


. 1 46 


13 


.417 


12 


.834 


13 


.827 


8 


.444 


3 . 


.377 


2100 


13 


.466 


18 . 


6 59 


1 4 


.423 


23 


358 


15 


.061 


14 


.279 


13 


.643 


14 


.700 


8 


941 


3 


576 


2200 


14 


.295 


19 . 


909 


1 5 


294 


24 


820 


15 . 


.974 


15 


.143 


14 


.506 


15 


.598 


9 


436 


3 


774 


2300 


1 5 


. 1 32 


21 . 


171 


16 


.169 


26 


.290 


16 


689 


16 . 


.013 


15 


.360 


16 


.400 


9 


935 


3 


973 


2400 


1 5 


.975 


22 


446 
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.045 
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.760 


17 . 


.802 


16 


.883 


16 . 


.213 


17 


.364 


10 


.430 


4 


171 
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16 


.827 


23 . 


733 


17 


923 


29 


.242 


18 


.717 


17 


.758 


17 


080 


18 


.249 


10 


926 


4 


.370 


2600 


17 


.663 


25 . 


031 


18 
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30 


.729 


19 


659 


16 


.636 


17 


.936 


19 


.143 


1 1 


.425 


4 . 


.569 


2700 


18 


.542 


26 . 


338 


19 


.691 


32 


.218 


20 


.601 


19 


.516 


18 


.807 


20 


.036 


1 1 


921 


4 , 


.767 


2800 


19 


.410 


27 . 


656 


20 


.576 


33 


.712 


21 


.543 


20 


.399 


19 


.678 


20 


.929 


12 


.418 


4. 


.966 


2900 


20 


. 282 * 


28 . 


960 


21 


.464 


35 , 


.21 1 


22 


.486 


21 


.264 


20 


.563 


21 


.823 


12 


915 


5 . 


165 


3000 


21 


.160 


30 . 


315 


22 


353 


36 


.712 


23 


.427 


22 


.170 


21 


.447 


22 


.716 


13 


41 1 


5 . 


363 


3100 


22 


.041 


31 . 


89 B 


23 


. 242 


38 


.222 


24 


.364 


23 


058 


22 


.335 


23 


.617 


13 . 


.900 


5 . 


562 


3200 


22 


.927 


33 . 


006 


24 


. 1 36 


39 


.734 


25 . 


.344 


23 


.947 


23 


.227 


24 


.510 


14 


.405 


5 


761 


3300 


23 


.616 


34 . 


362 


25 


.028 


41 


244 


26 


308 


24 


837 


24 


.121 


25 


421 


14 


.901 


5 . 


9 59 


3400 


24 


.712 


35 . 


723 


26 


923 


42 


764 


27 . 


276 


25 


729 


25 . 


.021 


26 


.325 


1 5 


390 


6 


1 56 


3500 


25 


611 


37 


092 


26 


818 


44 


.281 


28 . 


.247 


26 


.622 


25 


.920 


27 


.229 


15 


.694 


6 . 


356 


3600 


26 
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38 


466 


27 


.715 


45 , 


.808 


29 


.219 


27 


516 


26 


.822 


28 


135 


16 


392 


6 . 


.555 


3700 


27 


.416 


39 . 
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28 


613 


47 


.332 
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26 


412 


27 


.730 


29 


041 
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3800 


28 


.326 


41 . 


231 


29 


512 


48 
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31 


178 


29 


.307 


26 


.640 


29 


.940 


17 


.385 


6 
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3900 


29 


.236 


42 


619 


30 


.412 


50 , 


.394 


32 


164 


30 


.205 


29 


552 


30 


856 


17 


882 


7 . 


151 


4000 


30 


1 53 


44 . 


010 


31 


.313 


51 


9 30 


33 . 


. 1 53 


31 


104 


30 


467 


31 


.761 


16 


379 


7 


350 


4100 


31 


.069 


45 


413 


32 


215 


53 


471 


34 


1 39 


32 


.006 


31 


.390 


32 


.682 


18 . 


.875 
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TABLr. ril 



HhATS OF FOhl?2ATION USLO IN THIS INVbSTIGATION 



Hg(l) 1*S48^ k cal 



' 






H 202 


,,,, 44,516^ 


H 


HgO.d) .... 




n 


HN 03 


♦41.66^ 


n 


RPKA( 6 . 8 ;^ 






B 2 O 4 .. 


,... +41,05 


ft 


%H4 




H 


• NHgd) 




fi 


H 20 (g) 




n 


OH 




n 


0 




rt 


H 




ft 


NO 




n 


^Calculated by L. G, Cole 


from data in 


Chemical Rubber pub- 


lishing Corspany H^nubook 
1747 (1945). 


of Chemistry ana Physics, pp* 1745 



^Chemical Rubber Publishing Company Hanabook of Chemistry 
ana Physics (1947). 

^Bichowski, F. R,> Rossini, F. D., ”The Therffiochemistry of 
Chemical Substances” Keinhold Publishing Corporation (1936), 

All other data from "Tables of Selected Values of Chemical 
Thermoaynamic Properties”, National Bureau of Standards 
(U, S. Department of Comiiicrce) with support of Office of 
Naval Research, USN, March 31, 1947, 
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TABLE IV 



DENGlTIEi) ULED IN THlii INVESTIGATION 



Component 



N^H4 



HeOb 

N^04(1) 

H;dU) 

NH3(1) 

HN03(6,8^ N2O4) 



gjTi 

1.01 at 15° C 
1.465 at 0° C 
1.4iJl at 0^ C 

t 

0.07 at -Ebid.8° C 

0.648 at 20° C (Cf. Ref, 14) 

1.545 at 20° C 
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Table V 

V/irilATION OF PiuRFOKiL'a'iCE P..Ra::..TERS r/lTH v/FlOHT PER CENT 
OF LIQUID HYDROGEN FOR Nk:04-H^3(l)-K;>H4 SYSTEI-/. 
ASOUkIHG K^UTLIBxHIUM FLOW CONDITIONS 



(1) 


(^) 


(3) 


( 4 ) 


(5) 


(6) 


( 7 ) 


(6) 


WT> 


MOLES 


• ‘^c 


Tc/Tc° 


Te 


Te/Tfi*^ 


' f 


M 














gro ciD*"^ 




0.00 


0.00 




1.000 


9334 


1.000 


1,25 


21.446 


0.64 


0.50 


3#534 


1.000 


^970 


0.975 


1.13 


20.407 


1. D 88 


1.00 


3908 


0.999 


0149 


0.961 


1 . 05 


19.413 


1.90 


1.50 


3158 


0.977 


A '037 


0.875 


0.94 


16.452 


^ ^ 6D 


E.OO 


3090 


0.959 

\ 


1930 


0,827 


0.68 


17.597 


4,91 


4,00 


i^iSOS 


0.668 


1598 


0.685 


0.68 


14,866 


9.37 


8,00 




0.706 


1185 


0.508 


0,48 


11.475 


16. Do 


15.00 


1699 


0 # &iCt5 


808 


0.347 


0.33 


8.468 



(9) 


(10) 


(11) 


(12) 


(13) 


(14) 


(15) 


(16) 


WT> 




c 


^sp 


Isp/Isp° 


Cp 


h 


h/hO 




ft sec “^ 


ft sec~^ 


sec 






©i. 




O.GO 


5965 


0346 


wi59.2 


1.000 


1.40 


525 


1,000 


0.64 


6105 


, 6497 


263,9 


1.018 


1.39 


536 


1.021 


1.28 


6198 


8587 


266,7 


1,029 


1.38 


527 


1,004 


1.90 


6264 


8655 


268.6 


1,037 


1.38 


521 


0.992 


2 . 52 


6303 


8713 


270.6 


1,044 


1,38 


519 


0,989 


4,91 


6390 


8825 


274.1 


1,057 


1.36 


492 


0. S 37 


9.37 


6413 


8068 


275,4 


1.063 


1.38 


o - 


0.800 


16.23 


6337 


8737 


271.3 


1.047 


1.38 


330 


0.629 
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TaBIt. VI 

VhKIATIO:-: Ol-’ pAlv.L.-Tr.i\::- WITH WhlGHT Pbh CEA'T 

0? LIQUIJ KYUa'.OGBN for Ng04-%(1)-N;.H4 BYSTEM 
ASoUMING COa'^STaNT CCBPOoITIOH. FLOW COWblTIONS 



(1) 


(^) 


(3) 


(“i) 


(5) 


(6) 


(7) 


(3) 




MOLi:s 


m 

•^c 


n /*n O 

^q/ ■‘■c 


Te 


Xe/Te' 


» 7 


¥ 














ga cnj“”^ 




0.00 


0.00 


3:c533 


1.000 


1823 


1.000 


1.25 


20,900 


0.64 


0.50 


3234 


1.000 


1821 


0.999 


1.13 


18.948 


1 • <^8 


1.00 


3208 


0.992 


1801 


0 . 988 


1.03 


19.117 


1.90 


1.50 


5158 


0.977 


1768 


0.970 


0.94 


18.203 




ii.OO 


3099 


0.959 


1727 


0.847 


0.68 


17.410 


4.91 


4.00 


2809 


0.668 


15^5 


• 0.6:d7 


0.68 


.14.811 


9.37 


8.00 




0.706 


1175 


0.645 


0.48 


11.470 


16.?^3 


15.00 


1692 


0.525 


809 


0.444 


0.33 


8.468 



(9) 


(10) 


(U) 


(12) 


(13) 


(14) 


(15) 


(16) 


V/TJfo 


c* 


C 


Isp 


Isp/lsp® 


Cp 


h 


h/h® 




ft sec~l 


ft sec“l 


sec 






ejI, 




0.00 


5965 


7970 


247,5 


1.000 


1.34 


472 


1,000 


0.64 


6105 


8161 


25<d .4 


1.024 


1.34 


409 


1,036 


1.28 


6198 


8324 


258.5 


1.044 

> 


1,54 


491 


1,040 


1.90 


6264 


8436 


262.0 


1.059 


1.35 


496 


1.051 


2.52 


6303 


3532 


265.0 


1.071 


1.36 


496 


1.05X 


4,91 


6390 


8762 


272.1 


1,099 


1.37 


481 


1.019 


9 . 37 


6413 


8867 


275,4 


1.113 


1,38 


420 


0,890 


16.23 


6337 


8737 


271.3 


1.086 


1.58 


330 


0.700 
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tabu: VII 



VAHIv^.TIOK OF PhKFOKi^u^iCj:; PARALlTLHS WITH WEIGHT PER CENT 



OF LI.^UID ALMONIA FOR Ng04-HH3(1)-N^H4 SYSTEM 
ASwSUMING E.'UILIBRIUk FLOW CONDITIONS 



(1) 


(2) 


(3) 


(4) 


(&) 


(6) 


(7) 


(8) 


WT ^ 


BOXa<S 




To/‘^c° 




Vle° 


7 


I 






OK 








gw 




0,00 


0*00 


3233 


1.000 


2334 


1*000 


1.25 


21*446 


2*66 


0*25 


3208 


0*992 


2*-46 


0.962 


1*22 


20.842 


5*17 


0.50 


3161 


0*978 


2102 


0*901 


1.19 


20*214 


9*83 


1*00 


3017 


0.933 


1842 


0*789 


1*14 


19.071 


14.04 


' 1.50 


2830 


0*675 


1628 


0.698 


1.10 


18,088 


17.91 


2*00 


2628 


0.813 


1456 


0*6 r ^4 


1*07 


17.253 



(s) 


(10) 


(11) 


(12) 


( IS ) 


(14) 


(18) 


(16) 


VIT^ 




c 


^sp 


Isp/^sp° 


Cf 


h 


h/h9 




ft sec“^ 


ft sec*"^ 


sec 






ml* 




0.00 


5965 


8346 


259 . 2 


1.000 


1,40 


525 


1*000 


2*66 


6014 


8375 

1 


260.1 


1.003 


1.39 


527 


1.004 


5*17 


6017 


8343 


259.1 


0.9 S 8 


1.39 


523 


0.996 


9.83 


5976 


8229 


255.6 


0.986 


1.38 


498 


0*949 


14.04 


5848 


6073 


250.7 


. 0.967 


1.38 


472 


0*899 


17*91 


5705 


7875 


244.6 


0*944 


1,38 


439 


0*836 



TABLB. VIII 



VAhiATIOi'J OF PLKF01UL.NCE PARnfliiTBitS WITH WBIGiiT PbR CENT 



OF LIQUID .dfcMORIA FOR Ng04-1JH3 (1)-N^H4 SYSTEM 



ASSUMING constant COMPOSITION FLOV; CONDITIONS 



(1) 


(^) 


(3) 


(4) 


(3) 


(6) 


(7) 


(8) 


wo> 


MOLES 




Tc/Tc° 


Te 


Ie/5Ce° 


f 


I 










°K 




gm otsT^ 




0.00 


0.00 


'6d'66 


l.oOO 


1823 


1.000 


1,25 


20.900 


2.66 


0.25 


5208 


0.992 


1809 


0,992 


1,22 


20.384 


5.17 


0.50 


0161 


0.976 


1780 


0,976 


1,19 


19,886 


9.6S 


1.00 


5017 


0,935 


1687 


0.926 


1.14 


18,911 


14.04 


1.50 


2850 


0*875 


'l556 


•0.854 


1.10 


18*018 


17.91 


2.00 


2628 


Q • 8i3 


1434 


0.767 


1.07 


17,223 



(^) 


(10) 


(11) 


(IS) 


(13) 


(14) 


(18) 


(16) 




c* 


c 


Isp 


Isp/lsp 


Cp 


, h 


h/h^ 




ft sec*^ 


ft sec'll 


sec 






mi. 




0,00 


5865 


7970 


247,5 


1.000 


1.34 


472 


1.000 


2,66 


6014 


8039 


249.6 


1.008 


1.34 


479 


1.015 


5.17 


6017 


8076 


250.8 


1.013 


1,34 


483 


1.023 


9.83 


5976 


8065 


250.6 


1,012 


1,35 


479 


1.015 


14.04 


5848 


7996 


248.3 


1,003 


1.37 


460 


0,975 


17,91 


5706 


7616 


242.7 


0.981 


1,37 


424 


0.898 
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TABLt: IX 

VAiUATION OF PibRFORAJitiC.u PARa;-.i-.T::.Iuj .tilK Pi:.K CivKT 

OF LI,^UID HYDriOGi:.!! FOK %0;.-Hg(l)-N;^H4 SiST12^ 
ASSUMING E.-UILIBRIUM FLOW CONDITIONS 



(1) - 




(5) (4) (6) (6) 


(7) 


(8) 


\?T> 


MOLii«t» 


'•Tc Ic/To® le Te/Te° f 


I 






o^. Oj^ 






0.00 


0.00 


8651 1.000 l.v7y l.OuO 


1.28 


19.747 


1.00 


0.50 


<d843 0,997 1605 0.912 


l.OS 


18.250 


1.97 


1.00 


2749 0.9G4 1670 0,844 


0,95 


16.951 


^.93 


1,50 


2639 0,926 1544 0.780 


0.85 


15.831 


3.37 


;2.00 


2527 0,636 1445 0.730 


0,77 


14,854 


7.46 


4,00 


2140 0.751 1144 0.578 


0.56 


12,013 


15.88 


a, 00 


1628 0.571 798 0.403 


0.38 


8,938 




15,00 


1143 0.401 528 0,267 


0.26 


6,515 


( 9 ) 


(10) 


(11) (12) (13) 


(X4) (Ifa) (16) 


Wl> 


c* 


^ ^sp ^sp/^sp^ 


Cy ti 


h/h9 




ft sec"^ 


ft sec"*^ sec 


ml. 




0.00 


5775 


8067 250.5 1,000 


1.40 491 


1.000 


1.00 


593^ 


8221 255.0 1.019 


1.39 487 


0,982 


1.97 


5876 


8290 257.5 1.028 


1.39 475 


0.967 


ii.9o 


6019 


8349 253.3 1.055 


1.39 462 


0.941 


5,87 


6044 


6396 260.7 1.041 


1.39 456 


0.929 


7.46' 


6095 


8461 262,8 1.049 


1.59 409 


0.833 


13.88 


6083 


8396 260.7 1.041 


1.38 326 


0.664 




5866 


8120 252.4 1.008 


1,38 227 


0.462 
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TABLt. X 



VARI..TION Or' PLR ■ uhi..AKCK PAK/ULoTi^KS V/ITH Y/KIGIiT PLH CLKT 
OF LIQUID i-IYDROG^N FOR SYSTEM; 

ASSU&iIRG CONSTaI'JT CUMPOLlTION FLO'A CONDITIONS 



(1) 


(2) 


(3) 


(4) 


(f>) 


(ti) 


(7) 


(B) 


V/TJ6 


iiOLLS 


Tc 


Tc/Tc° 


To 


Te/Te° 


' ? 


I 






Ok 








gm 




0.00 


0.00 


2851 


1.000 


1694 


1.000 


1.28 


19.418 


1.00 


0,50 


2843 


0.9S7 


1677 


0.990 


1.09 


18.126 


1.97 


1.00 


2749 


0.964 


1600 


0.945 


0.95 


16.892 


2.93 


1.50 


2639 


0.926 


1512 


0.893 


0.85 


15.604 


3.87 


2.00 


2527 


0.686 


1428 


0.843 


0.77 


14.840 


7.46 


4.00 


2140 


0.751 


1141 


0.676 


0.56 


12.010 


13.88 


8.00 


1628 


0.571 


798 


0.471 


0.38 


8.938 


23 • 2l« 


15.00 


1143 


0.401 


528 


0.312 


b.26 


6.515 





(10) 


(U) 


(12) 


(13) 


(14) 


(15) 


(16) 




c«* 


c 


Isp 


Igp/lsp® 


Cp 


h 


h/faO 




ft sec'*T 


ft sec“^ 


sec 






mi. 




0.00 


5773 


■ 7852 


245.8 


1.000 


1,36 


458 


1,0*00 


1.00 


5932 


8107 


251.8 


1.033 


1,57 


474 


1,035 


1.97 


5976 


8234 


255.7 


1.049 


1.38 


468 


1,022 


2.93 


6012 


6320 


258.4 


1.060 


1.38 


458 


1.000 


3.87 


6044 


8365 


259.6 


1.066 


1,38 


455 


0.993 


7.46 


6095 


8459 


262 . 7 


1.078 


1,39 


409 


0.893 


13.88 


6083 


8396 


260.7 


1,069 


1.38 


326 


0.712 


23.21 


5886 


8128 


252.4 


1,035 


1.38 


227 


0.496 
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TABLi:: XI 



YaRIaTIOIJ of P^K d... ,lVrA. ■■ITH ./l-iGh.’ PirJt CL^’T 

0? LIQUID -sLLGLI.. FoR -N£H4 LYSTii,. 

ASBUMIRG LQulLIbHIU::. FLCv.‘ COi>lDITIORS 



(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(V) 


(B) 


WT^ ' 


MOLES 




o 

o 




»p /«!» 0 

^ q / 


' f 


I 














gfl) CJD'*^ 




0*00 ' 


0,00 


' 2851 


1.000 


1979 


1 , cOO 


1,28 


19,747 


4,08 


0,L'5 


2804 


0,983 


1767 


0.883 


1,23 


16,851 


7.84 


0.50 


2677 


0,939 


1606 


0,812 


1,19 


18.049 


14,54 


1,00 


2376 


0,833 


1342 


0.678 


1,12 


16,719 


20.3;-i 


1.50 


2090 


0,736 


1140 


0,576 


1.07 


15.698 


CO 

» 

'-0 


• 

o 

o 


1862 


-0,655 


977 


0,494 


1,03 


14,901 



i^) 


(10) 


(11) 


(la) 


(15) 


(14) 


(IB) 


(16) 






c 


Isp 


Isp/lsp 


Cp 


h 


h/h® 




ft sec“^ 


ft sec“^ 


sec 






mi. 




0.00 


5773 


8067 


250,5 


1.000 


1.40 


489 


1.000 


GO 

o 

• 


5804 


8035 


9,5 


0 • 996 


1.38 


479 


0.980 


7.84 


5699 


7922 


a.46,0 


0.982 


1.39 


460 


0.941 


14.54 


5487 


7648 


237.5 


0. S 46 


1.39 


419 


0.857 


20 . 32 


5283 


7351 


228,3 


0.911 


1,39 


371 


0,759 


25.38 


5081 


7048 


218,9 


0.074 


1,39 


353 


0.661 
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T/U3LL XII 



VARIATIOii Or Pi.Ur’Oi'J.i..xAC^ PAfi.xLr/fr,h^ AEIGLT Pi.A CbilT 



OF Ll^^UIiJ Ar.lJ.iONIA Fun Hg0a>-NIi3(l) -N 2 H 4 SYSTEf«l 
'hoSUAING COKoTrxAT COiiPOblTIOW FLOW CONDITIONS 



(1) 


(^) 


(^) 


(4) 


(t>) 


(6) 


(7) 


(8) 


WT>i). 


MOLLS 


^c 


Tc/Tc® 


5:e 


Te/Te® 


f 


I 














gm Cia 




0.00 


0.00 


2851 


1.000 


169^ 


1,000 


1.28 


19.418 


4.08 


0.25 


2804 


0.U83 


1654 


0.976 


1.23 


18.732 


7,84 


0,50 


2677 


0.839 


1555 


0.917 


1.19 


18.001 


14. b4 


1,00 


2376 


0.03b 


15bb 


0.787 


1.12 


16.710 




l.bO 


2039 


0.756 


1138 


0.672 


1.07 


15.696 


;0b,38 


2,00 


1862 


0.653 


977 


0.577 


1.03 


14.901 



(•-•) 


(10) 


(11) 


(IS) 


(13) 


(14) 


(15) 


(16) 




Ci5- 


c 


Isp 


Isp/lgp^ 


Cp 


h 


h/h*^ 




ft seo“l 


ft see”*,! 


sec 






ffli. 




0.00 


5775 


7852 


24o . 8 


1,000 


1.36 


460 


1.000 


4.08 


5804 


7916 

\ 


.i45.8 


1.008 


1.36 


462 


1.004 


7.84 


5699 


7876 


244,6 


1.003 


1.58 


458 


0.3‘96 


14.54 


5487 


7637 


^57.2 


0;969 


1.39 


419 


0.911 


20.32 


5263 ■ 


7546 


2<i8,l 


0,956 


1.39 


371 


0.807 


;^5,38 


5081 


7048 


218.9 


0.898 


1.39 


353 


0.724 
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TaBLL XIII 

VARI..TION OF Pr.RFuiU:At\.Co P.iH/i.LTKKo ViITh ;Yj::.IGHT P.il CKWT 
OF LIQUID hXDhOGi-K FOR HFNA-% (l)-NgH4 SYSTEM 
ASSUMING EQUILIBRIUM FLOW CONDITIONS 



(1) 


(^) 


(5) 


(4) 


(&) 


(6) 


(7) 


(8) 


wT:^ 


MOLES 




So/Ic° 


Te 


Te/Te° 


' f 


1 










°K 




gm 




0*00 


0.00 


2957 


l.uOO 


2057 


1.000 


1.28 


21,367 


0.90 


0.50 


2949 


0.997 


1858 


0,912 


1.11 


19.791 


1.79 


1.00 


2856 


0*966 


1716 


O', 842 


0.98 


18.413 


^.65 


1.50 


2746 


0.929 


1595 


0.782 


0.88 


17*201 


5*51 


. 2.00 


2632 


0,890 


1490 


0.731 


0,79 


16,153 


6*78 


4.00 


22e9 


U.754 


1179 


0.579 


0,59 


13*064 


15.46 


8.00 


1660 


0.568 


816 


0.401 


0*40 


9.693 


El, 43 


15,00 


1184 


0,400 


543 


0.276 


0.27 


7.019 



(s) 


(10) 


(11) 


(la) 


(13) 


(14) 


(15) 


(16) 


WT^ 


c* 


c 


Isp 


lsp/lsp° 


Cp 


h 


h/h® 




-1 


--1 








r1* 






ft sec 


ft sec 


sec 








0,00 


5660 


7870 


244,4 


1,000. 


1*39 


460 


1,000 


0,90 


5811 


8026 


249,3 


1,020 


1,36 


468 


1,017 


1.79 


5844 


8107 


251.8 


1.030 


1,39 


456 


0.996 


2,65 


5898 


8160 


25c> ,4 


1,037 


1,38 


449 


0.976 


3.51 


5909 


8193 


254,4 


1.041 


1,59 


436 


0,948 


6.73 


5958 


0245 


256,1 


1,048 


1,38 


386 


0,839 


13,46 


5927 


8179 


254,0 


1,039 


1.56 


olo 


0.680 


21.43 


' 5764 


7889 


24t>.0 


1.002 


1.38 


212 


0,461 
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TABLf. XIV 



VAHIATION Oi^'* PLRi*'OFLri5ANCi:. 



PAR-"^ 






r.TrMS '.KITH 



'It* 



GhT 



PLR 



CtHT 



OF LI'^jUID KYDROGRN TOR RFNA-Hg (l)-KyH4 SYSm^ 
ASSUMING CONSTANT COI^POSITION FLOW CONDITIONS 



(1) 


(^) 


(3) 


(4) 


(£>) 


(6) 


(7) 


(B) 


\iTjb 


MOLES 


‘^c 


Tc/Tc° 


Te 


Te/Te 


^ f 


M 










""K 




gC CB1~^ 




0.00 


0,00 


2957 


1.000 


1703 


1.000 


1,28 


21.006 


0.90 


O.bO 


2949 


0.997 


1696 


0,996 


1,11 


19,614 


1,79 


1,00 


2856 


0.966 


1618 


0,951 


0,S8 


18.320 


-^,65 


1.50 


2746 


0.929 


1540 


0,904 


0.88 


17.149 


5.51 


2.00 


2632 • 


0.890 


1455 


0,654 


0,79 


16,126 


6.70 


4,00 


2220 


0.754 


1173 


0.689 


0.59 


13,063 


15,46 


8.00 


1680 


0,568 


816 


0,479 


0,40 


8,683 


21.4'6 ^ 


15.00 


1184 


0,400 


543 


0.319 


0.27 


7,019 



(9) 


(10) 


(11) 


(1^) 


(13) 


(14) 


(13) 


(16) 


WT^ 




c 


Isp 


Isp/lsp^ 


Cf 


h 


h/h9 




ft sec”^ 


ft sec“*l 


sec 






ml. 




0.00 


5660 


7638 


<;.:>7 . 2 


1.000 


1.55 


437 


1.000 


0,90 


5811 


7882 


244 , 8 


1.026 


1.56 


447 


1,023 


1.79 


5844 


6022 


24.8 . 1 


1,046 


1.37 


447 


1,023 


*i,65 


5898 


6086 


251.4 


1,055 


1.37 


441 


1.009 


3.51 


5909 


8155 


253,3 


1,063 


1,38 


430 


0,984 


6.78 


5958 


8244 


256.0 


1,075 


1.38 


386 


0,883 


Is. 46 


5927 


8179 


254.0 


1,066 


1,38 


• 313 


0,716 


21 . 43 


3764 


7889 


245,0 


1,030 


1,36 


^12 


0.465 
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TABLE XV 



VARIATION OF PERFOHMANCr, FAHAliETi-JiS V/ITH WEIGHT .PER CENT 
OF LIQUID AMMONI^ FUR RFNA-N%(l)-NaH4 SYStm 



ASEimiNG EQUILIBRIUM FLOW CONDITIONS 



(1) 


(2) 


(3) 


(4) 


(S) 


(6) 


(V) 


(8) 




MOLES 


Tc 


To/Io° 




5e/T«® 














Og 




gffi cvdT^ 




0.00 


0*00 


2957 


1.000 


2037 


1.000 


1.28 


21.367 


3*70 


0.25 


2913 


0.985 


1823 


0.885 


1.24 


20,384 


7.13 


0.50 


ii?83 


0.941 


1648 


0.809 


1.20 


IS, 491 


13.31 


1.00 


2479 


0.838 


1385 


0.680 


1.13 


17.895 


18.72 


1.50 


2193 


0.742 


1177 


0.578 


1.08 


16.838 


23.49 


2.00 


1948 


0.659 


1008 


0.495 


1.04 


15.823 



(9) 


(10) 


(u) 


(la) 


(13) 


(X4) 


(1&) 


(16) 


WT^ 




c 


Isp 




Cp 


h 


h/hP 




ft 


ft sec*"^ 


sec 






ini. 




0.00 


5660 


7870 


244.4 


1.000 


1,39 


460 


1.000 


3.70 


5703 


7863 


244.2 


0.999 


1.38 


460 


1.000 


7,13 


5587 


7774 


241.4 


0.988 


1.39 


441 


0.959 


13.31 


5418 


7508 


233.2 


0.054 


1.39 


405 


0.880 


18.72 


5206 


72<j8 


224.5 


0.919 


1.39 


358 


0.778 


23.48 


5018 


6358 


216.1 


0.864 


1.39 


314 


0.683 



A-X6 



TABLIl XVI 



VAhlATlOW OF PiLKFu:-o'^.A24Cx. PAR.nkLTili-kD V/ITH V.'hlGHT PER CENT 



OF >xkfeOWlA FCh RFNa-MH 3(1)-%R4 SYSTai 

AEoUMING CORoM^T COMPOSITION FLOA CONDITIONS 



(1) 


(^) 


(^) 


(4) 


(&) 


(6) 


(V) 


(8) 


m% 


MOLES 


Tc 


Tc/To° 


Te 


Te/Te° 


f 


M 














gm 




0.00 


0.00 


2957 


1.000 


1703 


1.000 


1.28 


21.006 


5.70 


0.25 


2913 


0.985 


1668 


0.998 


1.24 


20.216 


7.13 


0,50 


2763 


0.941 


1578 


0.927 ■ 


1.20 


19.414 


13.31 


1.00 


id479 

1 


0.838 


1363 


0.800 


1.13 


17.977 


18.72 


1.50 


2193 


0.742 


1173 


0.669 


1.08 


16,840 


^3.49 


2.00 


1948 


0.659 


1008 


0.592 


1.04 


15.9^i3 





(10) 


(11) 


(12) 


(13) 


(14) 


(lb) 


(16) 




c* 

It sec~^ 


c 

ft sec*^ 


Isp 

sec 


Isp/lsp 


Cp 


h 

Cli, 


h/h® 


0.00 


5660 


7667 


238.1 


1.000 


1.35 


437 


1,000 


3.70 


5703 


7731 


240,1 


1.008 


1.36 


441 


1.009 


7.13 


5587 


7690 


238.8 


1.003 


1.38 


432 


0,989 


13.31 


5418 


7487 


232,5 


0.976 


1.38 


402 


0.920 


18.72 


5206 


7209 


223. S 


0.940 


1,38 


354 


0,810 


23,49 


5018 


6958 


216,1 


0.908 


1,39 


314 


0.719 
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Table xvii 



Variation oe ^*(13^) '-I'i'H v/ijobt per c.jiv oe liouii) hydrogen 

FOR E.^UILIBRIU ?4 FLOw’ CONDITIONS 



Propellant systenis; 



A# 








B. 


%02-H2(1) 






• 


v> • 


RFNA-%(1) 








Wt*^ H2(1) 


A 


B 


c 


Average 
of A^B^C 


0.00 


O.UOO 


o.ooo 


0,000 


0,000 


5,00 


0.108 


0.110 


0*124 


0,114 


6,00 


0.256 


0.240 


0,256 


0.244 


8,00 


0.320 


0.^14 


0,329 


0.321 


10,00 


0,385 


0.374 


0.388 


0.382 


1^..Q0 


0,440 


0 ,428 


0.436 


0.435 


15,00 


0,506 


0,496 


0,504 


0.502 


20.00 




0,580 


0,587 


0,583 


Average Error 0,004 


0,006 


0.D06 




Max, Error 


0.008 


0,008 


0,010 





Errors c^re with respect to average value obtained 
by averaging of aystesjs A, B> and C, 



A^OLfe 



TA13Liv XVIII 







i^'Oh ^OHSTa!) 



ITH vVrJiGiiT PhK CKl'IT OF. LI-^UIO 
T COLPOoITIOW x'LOV^ CONDITIOI^S 



HYDKC/Gl^ 



Propeilcuit bystor^is; 

A. N^04-H^(i)-%H4 

B. H^0g-K^(l)-%H4 

C. RFNA-H2(1)-H^H4 



HgCl) 


A 


B 


C 


Average 
of A,B&C 


D 


0.00 


0,000 


0.000 


0,000 


0,000 


0.000 


3.00 


0.114 


0.154 


0.144 


0.131 


0.124 


6.00 


O.^bO 


0,266 


o 

« 

r: 

CD 


0,276 


0.a^50 


8.00 


0,366 


0.343 - 


0.356 


0 • 356 


0.323 


10.00 


0.436 


0.400 


0,416 


0,417 


0.592 


1^.00 


0.490 


0.4 &2 


0.464 


0.469 


0.458 


lb. 00 


O.bbo 


O’. 322 


0.530 


0,536 


0.588 


^0.00 


- 


0.606 


0,614 


0.610 


0.630 


Averages i.xroK).015 


0.011 


0.005 




0.016 


Max, Error 


0.0J:J1 


0.017 


0.013 




0.086 


Errors are 


%ith respect 


to average 


value obtained 


by averaging 


E(Isp) 


of systecis A 


, B and C, 






(a) 


Data Y/ 


as computed frou; values 


listed in 


Hef. 3. 
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TaBLK 'XIX 

VARIATIOI^ OF ^/EIGHT PER CENT OF LI^'UID 

FOR EQUILIBHlUh FIX)W CONDlTIOlf'JS 



Propellant Systems: 

A. N204-Hg(l)-NHH4 

B. H202-H2(X)-N2H4 

C. RFSA-Ha(l)-ti2H4 



Wt.^ HgCl) 


A 


0.00 


0.000 


3*00 


0,040 


6,00 


0.060 


8.00 


0.094 


10*00 


0.100 


1^*00 


0.105 


15.00 


0,108 


BO *00 





B 


C 


0.000 


0*000 


0 • 0.sB 


0.052 


0.064 


0*074 


0.088 


0.060 


0*094 


0*089 


0*095 


0*096 


0*096 


0.100 


0.080 


0.066 



Average Error 0*006 



0*006 



Max . Error 0 . 007 



0.016 



0*006 

0*014 



Errors are with respect to average 



HYDROGEN 



Average 
of A,B&C 

0*000 

0*0o8 

0.07S 

0*087 

0*094 

0*099 

0.101 

0.073 



value ob- 



tained by averaging of systems A, B and C* 






TABLb X>: 



VARIATION Or^ L(h) V/ITh 'ARIGHT P-^H 
FOn CONSTANT COMPOoITIOii 



CjlHT 0.’^ LIQUID HYDROGEN 
FLOW CONDITIONS 



PropeJ^ant Systems : 

A. N;.04-%(i)-HvH4 

B. 

C. RFNA-Hy(l)-N2H4 



Wt*>; Kg(l) 


A 


B 


C 


Average 

A, B & 


0.00 


0.000 


0.000 


0.000 


0.000 


3.00 


0.113 


0.080 


0.086 


0.093 


6.00 


0.164 


0 . 130 


0.116 


0,137 


6.00 


0.184 


0.149 


0,128 


0.154 


10.00 


0.188 


0.152 


0.136 


0,159 


IE. 00 


O.ISO 


0,146 


0.143 


0.160 


15.00 


0.180 


0.144 


0.140 


0.155 


20.00 


- 


0.124 


0,106 


0.115 


Average Ij^ror 


0.027 


0.009 


0,017 




Max, Error 


O.OoO • 


0.013 


0.026 





Errors are with respect to average Value obtained 



by averaging for systems A, B and C, 
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TABU. XXI 



variation of ’./BIGLT PBh CENT OF LIQUID AM?.::0N1A 

FOR BQUILIBHIUi,. FLO^? CONDITIONS 



Propellant Systems: 



D, 


Hy 04 -K%(i) 


-%H4 






E. 










P. 


RFKA-IJK3(1) 








Wt,% NHsCl) 


D 


E 


F 


Average 
D, E & 


0,00 


0,000 


0.000 


0,000 


0,000 


3,00 


0.012 

• 


0.010 


0.010 


0,011 


6.00 


0.032 


0,0i:l8 


0 . 034 


O.Ool 


8.00 


0,044 


0.044 


0.056 


0,048 


10,00 


0.060 


0.064 


0.078 


0.067 


1^*00 


0,076 


0,068 


0,100 


0.089 


15,00 


0.106 


0.120 


0.136 


o.m 


20,00 




0,172 


0,190 


0.181 


Average iixroT 0 , 007 


0.003 


0.008 




Max, Error 


0.015 


0,009 


0.015 





JSrrors are v/ith respect to average value obtainea by 



averaging ^( 1 ^^) 



for systems D, E ana F, 






TABLE XXII 



VAiilATION OF i-(Igp) ‘''I'-f- -rj.iGKT PLK C;.MT OF LIQUID ALKOHIA 
FOit CODoTiJiT COkPOLITIO/'i ^‘LOW CONjJITIONB 



Propt^liant Systems: 

D. H^04-WH3(l)-Hi,H4 
L. fia0i.-HH5(l)-H^H4 
F. rir'MA-KH3(l)-NyH4 

Average of 



Vrt.^ KH5(1) 


D 


E 


F 


D, E, 


0.00 


0.000 


0.000 


O.OjOO 


0.000 


m 

o 

o 


O.OEO 


O.OEO 


0.018 


0.019 


6.00 


0.044 


0.044 


0,050 


0.046 


8.00 


0.063 


0.064 


0,076 


0.068 


10.00 


0.‘J64 


0.086 


0,100 


0.090 


• 

o 

o 


0.107 


0.110 


0.1E3 


0,113 


15.00 


0.141 


0.144 


0,156 


' 0.147 


EO.OO 


- 


0.106 


O.EIO 


0.E03 


Average Error 


0.004 


0.003 


0,007 




Kax, Error 


0.006 


0.007 


0,010 




mrrors 


are with 


respect to 


average value 


obtained 



by uveroigin^ ^(Igp) systems D, E, ana F, 
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TABLE XXIII 

0 

ViLHlATIOil OE K(h) «ITH WEIGHT PEii Ci^UT OF LIQUID Al'Mmk 
FOR EQUILIBRIUM FLOV/ CONDITIONS 

propellant Systems: 

D. Na04-KH5a)-N^H4 

E. H202-N%(l)-Hi;H4 

F. RFNA-HH3(1)-N2H4 



m .% nh3(i) 


D 


E 


P 


Averag« 
D, E & 


0.00 


0.000 


0,000 


0,000 


0.000 


0^ 

• 

o 

o 


O.OlJi: 


0.000 


0.010 


0.007 


6.00 


0,0^0 


0,000 


0.016 


0.012 


8,00 


O.OEO 


0.003 


0.023 


0.015 


10,00 


0,o:-:il 


0.008 


0.032 


0.020 


la.oo 


0,0i^4 


0.016 


0,040 


0,027 


18.00 


o.o^^e 


0.0ki3 


0.042 


0.031 


iiO.OO 


- 


0.028 


0.032 


0.030 


Average Error 


0.004 


0.009 


0.007 




Max. Error 


0.008 


0.012 


0.013 




Errors 


are with 


respect to 


average value 


obtained 



averaging E(h) for systeES D, S, ana F. 
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TABLL XaIV 

VAH1..TI0N Oy WITH 'uElGhT PLR CLHT OF LIQUID /J/J^ONIA 

FOu CONSTANT COMPOSITION FLOW CONDITIONS 

propellant Systems; 

D. Nii04-KH3(l)-NyH4 

E. 

F. RFNA-MH3(1)-H2H4 



wt.^ m^(i) 


D 


E 


F 


Average 
D, E an 


0.00 


0.000 


0.000 


0.000 


0.000 


3.00 


0.0E8 


0.016 


0,018 


0.021 


6.00 


0.060 


0.042 


0.042 


0.048 


8.00 


0.076 


0.058 


0.060 


0,065 


10.00 


0.088 


0.070 


0.072 


0.077 


IH.OO 


0.103 


0.080 


0.080 


0.088 


15.00 


0.106 


0.080 


0.084 


O.OSO 


i;0.00 


- 


0.070 


0.064 


0.067 


Average Error 


0.012 


0.007 


0 . 005 




Max . Error 


0.016 


O.'JiO 


0.008 






Errors a^re 


with respect 


to average 


value ob 



taineu by averaging E(h) -for systecs D, E ana F. 
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